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VBSTRACT 

Cell surface gangliosides show altered patterns of expression as a coo- 
equence of malignant transformation and have therefore been of interest 
ls potential targets for immunotherapy, including raccine construction. 
)oe obstacle has been that some of the gaagliosides that are overexpressed 
a human cancers are poorly immunogenic in humans. A case in point is 
to, a prominent ganglioside of human malignant melanoma. Using an 
ipproach that has been effective in the construction of bacterial carbo- 
lydrate vaccines, we have succeeded in increasing the immunogenicity of 
Jo, in the mouse by conjugating the ganglioside with immunogenic ear- 
ners. Several conjugation methods were used. The optimal procedure 
nvorved o»ne cleavage of the double bond of Goa in the ceramide back- 
wne, introducing an aldehyde group, and coupling to aminolysyl groups 
>f proteins by reductive animation. Conjugates were constructed with a 
.ynthetic multiple antigenic peptide expressing repeats of a malarial T-cell 
pitope, outer membrane proteins of Neisseria meningitidis, canonized 
jovine serum albumin, keyhole limpet bemocyanin, and polylysine. Mice 
mmunized with these conjugates showed a stronger antibody response to 
3 M than mice immunized with unconjugated Gw. The strongest response 
*as observed in mice immunized with the keyhole limpet bemocyanin 
ronjugate of the Go* aldehyde derivative and the adjuvant QS-21. These 
nice showed not only a long-lasting high-titer IgM response but also a 
insistent high-titer IgG response (predominantly IgGl), indicating re- 
:ruitraent of T-celi help, although the titers or IgM and IgG antibodies 
allowing booster immunizations were not as high as they are in the 
-espouse to classical T-cell-depeodent antigens. This method is applicable 
;o other gangliosides, and it may be useful in the construction of immu- 
nogenic ganglioside vaccines for the immunotherapy of human cancers 
ixpresstng gangliosides on their cell surface. 

INTRODUCTION 

Gangliosides are glycolipid constituents of the cell membrane. The 
term was coined in 1942 to refer to lipids of the central nervous 
system that contained sialic acid, to signify their prime location in 
ganglion cells and their glycosidic nature (1). Their lipophilic com- 
ponent, the ceramide (an amide-Linked long-chain sphingoid base and 
a fatty acid), is thought to be embedded in the outer membrane of the 
cell membrane lipid bilayer. The carbohydrate portion of the molecule 
is oriented toward the outside of the cell. Malignant transformation 
appears to activate enzymes involved in ganglioside glycosylation, 
resulting in altered patterns of ganglioside expression in tumors such 
as astrocytoma, neuroblastoma, and malignant melanoma (2). In nor- 
mal melanocytes, for example, the predominant ganglioside is Gm3. 3 
Other gangliosides including G D j, G M2l G D u, and Gnb constitute 
less than 10% of the total (3). In malignant melanoma, increased 
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expression of G 03 , G D2 , and G M 2 has been observed (4, 5), and these 
gangliosides have therefore been considered potential targets for im- 
munotherapy. 

One approach to gangliostde-targeted immunotherapy has been the 
use of mAbs.* Treatment of patients with melanoma or neuroblastoma 
with mAb recognizing G D3 , G D2 , or Gm2 has resulted in tumor re- 
gression in some cases (6--9). The other approach has been to immu- 
nize patients with ganglioside vaccines in attempts to induce produc- 
tion of ganglioside antibodies by the patients themselves. These 
attempts have been successful so far only with G M2 vaccines. Patients 
with American Joint Committee on Cancer Stage III malignant mela- 
noma, after complete resection of aU tumor, have been shown to 
produce anti-G^ antibodies in response to vaccination with G M2 and 
Bacillus Calmette-Guirin (after pretreatment with low-dose cyclo- 
phosphamide to reduce suppressor activity), and the disease-free in- 
terval and overall survival were longer in patients producing Gm2 
antibodies (10), G D3 and G D2t on the other hand, were found to be 
only rarely immunogenic when administered in the same way to 
patients with melanoma (11). Even with the G M2 vaccines, the anti- 
body response showed the characteristics of a T-cell-independent re- 
sponse, that is to say, IgM production of short duration, rare conver- 
sion to IgG production, and lack of a booster effect (12, 13). 

Similar difficulties havr been encountered in the development of 
effective vaccines against bacterial carbohydrate antigens. One ap- 
proach that has been successful in overcoming these problems is 
conjugation of the antigen with immunogenic protein carriers. For 
example, a conjugate vaccine that links the Haemophilus influenzae 
type b capsular polysaccharide to the outer-membrane protein com- 
plex of Neisseria meningitidis serogroup B was recently shown to 
induce the production of antibodies and a high rate of protection 
against invasive disease caused by Haemophilus influenzae type b in 
infants (14), and similar results were reported for a conjugate vaccine 
using a nontoxic mutant diphtheria toxin as carrier (15). 

We have explored this approach in attempts to increase the immu- 
nogenicity of melanoma .gangliosides. We report here the effects of 
conjugating G D3 with several protein carriers on its immunogenicity 
in the mouse. 

MATERIALS AND METHODS 

Gangliosides. Gvo, Qui and Gdi* extracted from bovine brain, were 
provided by Fidia Research Laboratory (Abano Tenne, Italy). G D i was made 
from G D ib by enzymatic cteavage with f3-galactosidase from bovine testes 
(16). G D 3 (mel) was isolatec from human melanoma tissue (17), G OJ (bora) 
and GT3 were isolated from bovine buttermilk (18), and disialyllactose (G D3 
oligosaccharide) was isolated from bovine colostrum as previously described 
(19). 

Reagents. HPTLC silica gel plates were obtained from E. Merck (Darm- 
stadt, Germany); 4-chloro-l-naphthol, ^-nitrophenyl phosphate disodium, and 
sodium cyanoborohydride were from Sigma Chemical Co. (St. Louis, MO); 



* The abbreviations used are: mAb, monoclonal antibody; MAP, multiple antigenic 
peptide; OMP. outer membrane protein; cBSA, canonized bovine serum albumin; ITLC. 
immune thin-layer chromatography; HPTLC high-performance thin-layer chromatogra- 
phy; EUSA, enzyme-linked immunosorbent assays; FACS, fluorescence-activated ceil 
sorter; PBS, phosphate-buffered saline; bbm, bovine buttermilk. 
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methylsulfide was from Aldrich (Milwaukee, WI); cyclophosphamide (Cy- 
toxan) was from Mead Johnson (Syracuse, NY); and OS- 21 adjuvant, a ho- 
mogeneous saponin component purified from Quillaja saponaria Molina tree 
(20), wis kindly donated by Cambridge Biotech Corp. (Worcester, MA). It is 
an ampbipathic molecule and was provided as a white powder, forming a clear 
colorless solution when dissolved in PBS. 

Proteins. Poly-L-lysine bydrobromide [MW(vis)3800] was purchased from 
Sigma, keyhole limpet hemocyanin (KLH) was from Calbiochem (La Jolla, 
CA), the cBSA-Imject Super-carrier immune modulator was from Pierce 
(Rockfort, IL), and Neisseria meningitidis OMPs were kindly provided by Dr. 
M. S. Blake (Rockefeller University, New York). MAP YAL^IV 294-1 con- 
taining four repeats of a malarial T-celi epitope was a gift from Dr. J. P. Tarn 
(Rockefeller University). 

Monoclonal Antibodies. Rabbit anti-mouse immunoglobulins conjugated 
to horseradish peroxidase for ITLC, and rabbit anti-mouse IgM and IgG 
conjugated to alkaline phosphatase for ELISAs, were obtained from Zymed 
(San Francisco, CA); anti-Gos mAb R24 was generated in our laboratory (21). 

Serological Assays. ELISA were performed as previously described (13). 
To control for nonspecific "stickiness," immune sera were also tested on plates 
to which no ganglioside had been added, and the reading was subtracted from 
the value obtained in the presence of ganglioside. The titer was defined as the 
highest dilution yielding a corrected absorbance of 0.1 or greater. Inununo- 
staining of gangliosides with mAb or mouse sera was performed after sepa- 
ration on HPTLC silica gel glass plates as previously described (4). Plates were 
developed in solvent 1 [chloroformnnethanol.-water (0.25% CaCy, 50:40:10 
(v/v)] or solvent 2 [ethanobn-butylalcohohpyridine.-watenacetic acid, 100:10: 
10:303 (v/v)J, and gangliosides were visualized with resordnol-HQ reagent 
Dot-blot immune stains were performed on nitrocellulose strips utilizing pu- 
rified gangliosides spotted in equal amounts and developed as described before 
(13). 

Immunization. Six-week-old female BALB/c X C57BL/6 Fi mice (The 
Jackson Laboratory, Bar Harbor, ME) were given an i.p. injection of cyclo- 
phosphamide (15 rag/kg) 3 days before the first immunization and were then 
assigned to treatment groups. Groups of 4 or 5 mice were given three sx, 
injections of a vaccine 2 weeks apart if not otherwise indicated. Each vaccine 
contained 20 ng G m or 15 fig disialyllactose and 10 u>g QS-21 in a total 
volume of 0.1 ml PBS. Mice were bled from the retroorbital sinus before 
vaccination and 2 weeks after the last vaccine injection unless indicated oth- 
erwise. 

G w Conjugate Preparation. G D3 (2 mg) was dissolved in 2 ml methanol 
by sonication and cooled to -78*C in an ethanol/dry ice bath. Ozone was 
generated in an ozone generator (Del Industries, San Luis Obispo, CA) and was 
passed through the sample for 30 ruin under vigorous stirring (22, 23). The 
excess of ozone was then displaced with nitrogen over a period of 10 rain. 
Methylsulfide (100 /il) was added (24), and the sample was kept at -78°C for 
30 min and then at room temperature for 90 min under vigorous stirring. The 
sample was dried under a stream of nitrogen and monitored by HPTLC. The 
long-chain aldehyde was separated by adding n-hexane (2 ml) to the dry 
sample, followed by sonication for 5 min and centrifugation at 2000 X g for 
15 min. The n-hexane was carefully drawn off and discarded, and the sample 
was dried under a stream of nitrogen. Cleaved G D 3 and native G D3 were 
separated by HPLC (Waters, System 501, Milford, MA) utilizing a C 18 re- 
versed-phase column (10 x 250 mm; Raintn Instruments, Ridgefield, NJ). 
Gangliosides were eluted with a linear water-acetonitriie gradient and moni- 
tored at 214 nm, and the fractions were analyzed by HPTLC. Fractions that 
contained cleaved G D a were combined and evaporated at 37°C with a Rota- 
vapor (Buchi, Flawils, Switzerland). Cleaved G D3 (1.5 mg), 1.5 mg protein 
carrier in PBS, and 2 mg sodium cyanoborohydride were incubated under 
gentle agitation at 37"C for 48 h. After 16 h 1 mg sodium cyanoborohydride 
was added. The progress of coupling was monitored by HPTLC. G D3 -protein 
conjugates did not migrate in solvent 1 and solvent 2 but remained at the origin 
as a resorcinol-positive band. The mixture was dialyzed across 5000 molecular 
weight cutoff dialysis tubing with three changes of PBS (4 liters each), at 4°C 
for 48 h, and passed through an ExtraaigeJ detergtm-removing gel (Pierce, 
Rockfort, IL) for final purification of unconjugated G D3 . The samples were 
lyophilized, and their protein and ganglioside content was determined by 
BioRad protein assay and by neuraminic acid determination according to the 
method of Svennerholm (25). 



DisiaJyllactosc Conjugate Preparation, Disialyllactose was isolated from 
bovine colostrum as described previously (19). The carbohydrate was attached 
to protein by reductiv: aminauon (26). Disialyllactose (10 mg) was incubated 
with 2 mg proteins in 2 ml PBS for 14 days at 37^ after sterile filtration. 
Sodium cyanoborohydride (2 mg) was added at the beginning, and 1 mg was 
added every 3 days. The coupling was monitored by HPTLC in solvent 2. The 
disialyllactose conjugates were purified by dialysis across 5000 molecular 
weight cutoff dialysis membrane with three changes of PBS (4 liters each) at 
4°C for 48 h, followrd by lyophilization. The protein and neuraminic add 
content was determined as described above. Disialyllactose was also conju- 
gated to proteins according to the method described by Roy and Laferrierc 
(27). During this procedure W-acroloylated glycorjyranosylamine derivatives of 
the oligosaccharide were formed first, followed by conjugation via Michael 
addition to amino groups of the protein. Purification and determination of 
protein and neuraminic acid content were performed as described above. 

Determination of Antibody Subclasses. Determination of antibody sub- 
classes was performed by ELISA using subdass-specific rabbit anti-mouse 
immunoglobulins IgGl, lgG2a, IgG2b, IgG3, and IgA (Zymed, San Francisco, 
CA). Alkaline phosphatase-labeled goat anti-rabbit IgG served as the signal- 
generating reagent 

FACS Analysis of Mouse Antisera. A single cell suspension of the mela- 
noma cell line SK-MEI^28 was obtained after treatment with 0.1% EDTA in 
PBS followed by passage through a 26fc-gauge needle. Cdls (3 X 10 5 ) were 
incubated with 40 ui of 1:20 diluted post- or preimmunization serum for 30 
min on ice. The cells were washed three times with 3% fetal calf serum in PBS. 
Thirty /il of diluted (1 :50) fluorescein isothiocyanate-labeled goat anti-mouse 
IgG (Southern Biotechnology Assodates Inc., Birmingham, AL) were added as 
secondary antibody, followed by incubation on ice for 30 min. Cells were 
washed three times as above and resuspended in 500 til 3% fetal calf serum in 
PBS and analyzed by flow cytometry (FACScan, Becton Dickinson, San Jose, 
CA). 

RESULTS 

Preparation and Characterization of G D3 -Protein Conjugates. 
G D3 (bbm) in methanol was selectively cleaved with ozone at the 
C4-C5 double bond in the ceramide portion. It is assumed that me- 
thoxyperoxides are formed as intermediate products (24), and there- 
fore methylsulfide was added as a reducing agent. The result of the 
deavage was a G D: , derivative with an aldehyde functional group in 
the position of the former double bond in the ceramide portion (Fig. 
1). Cleaved G D3 migrated slower than native G D3 , and formed double 
bands because the ceramide contained unsaturated fatty acids that 
were cleaved simultaneously (see Fig. 1, inset). Dcnsitometric analy- 
sis of HPTLC plates showed that more than 70% of G D3 (bbm) was 
cleaved by this procedure. Preliminary experiments involving longer 
ozone treatment hac similar results, indicating that 30% of G D3 from 
this source consists of sphinganine or phytosphingosine analogues that 
contain no ozone-clcavable ceramide double bond. Cleavage at -78°C 
with ozone treatment up to 1 h (depending on the amount of G D3 used) 
was found to be optimal. Cleaved G D3 persisted only in acidic and 
neutral phosphate buffers for up to 72 h, but with the formation of 
increasing amounts of oligosaccharide due to 0-elimination reactions 
[which have been shown to occur much faster at alkaline pH (23)]. 
The decreased hydrophobic^ of cleaved G D3 compared to native G D3 
allowed its separation by HPLC on C 18 reversed-phase columns. 
Utilizing isocratic clution with a linear water-acetonitrile gradient, 
cleaved G D3 was recovered first, and uncleaved G D3 was eluted in 
later fractions. The hcubation of cleaved G D3 with proteins resulted in 
the formation of Schiff bases between the cleaved ganglioside and 
e-aminolysyl groups.. They were reduced with sodium cyanoborohy- 
dride to form stable secondary amine bonds (28). The reaction was 
monitored by HPTLC, which showed a decreasing ratio of the cleaved 
G D3 to a resorcinol positive band at the origin, indicating the forma- 
tion of neoglycoconjugates. The reaction was generally completed 
after incubation for 48 h at 37°C. Disialyllactose was readily remov- * 
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Fig. 1. Synthesis of G 03 protein conjugates liter ozone cleavage and reductive aminatioo. Inset, HPTLC of G r , 3 before (A) and after (fl) ozone deavagc. 



ible by dialysis, and the excess of cleaved G D3 was removed by 
jassage through a detergent-removing column. The degree of cou- 
)ting was determined by sialic acid and protein determinations. The 
veight ratio of G D3 to proteins in the different conjugates, shown in 
Table 1, depended on the accessibility of lysine groups in the proteins. 
The average yield of G D3 coupled to proteins was 30%. G D3 conju- 
gates prepared in this way were reactive with anti-G D3 mAb R24 by 
tVestern blot analysis, although the G D3 -aldehyde derivative itself was 
lot reactive by ITLC (data not shown). 

Oligosaccharide Conjugation. The carbohydrate part of G D3 , di- 
iialyllactose, was coupled to proteins utilizing two methods. The first 
nethod, reductive animation, resulted in conjugation of the open ring 
brtn of the glucose to proteins (26). The method required a long 
ncubation of the oligosaccharide with proteins, and the yield was less 
nan 20%. In the second method (27), involving A/-acroloylation of the 
enninal glucose, the oligosaccharide was coupled to proteins with a 



closed ring formation. None of these oligosaccharide conjugates 
showed reactivity with mAb R24 by Western blot analysis (data not 
shown). 

Induction of a Serological Response against G D3 by Immuniza- 
tion with Goa-Protein Conjugates. All vaccines were well tolerated. 
Mice were observed for at least 6 months, and neither acute nor 
systemic toxicity was detected. The serological response to immuni- 
zation with G D3 or G D 3-piotein conjugates, using QS-21 as adjuvant, 
is shown in Table 1. QS-21 was used because we had previously 
demonstrated its superiorly over other adjuvants with another carbo- 
hydrate antigen-KLH conjugate vaccine (29). In ELISA, preimmuni- 
zation sera showed no I^M or IgG antibodies reactive with G D3 . 
Immunization with unconjugated G D3 did not induce the production of 
G D3 antibodies. Immunization with G D3 conjugates, on the other 
hand, was effective in inducing antibody production. Of the five 
proteins used in the preparation of the conjugates, KLH showed the 



Table 1 Antibody response to immunization with different vaccines containing C DJ or disialyllactose conjugated to carrier proteins 



Vaccine + QS-21 



Gr^proteui 
No. of mice weight ratio" 



Reciprocal ELISA peak tiisr against G D a 



IgG 



tgM 





5 




GdVKLH* 


5 


0J3 


Gw-KLH* 


14 


0.69 


G D3 -cBSA c 


15 


0.77 


-Gdj-GMF* 


-15- " ' 


- -wr 


Gm-MAJ* 


10 


1.0 


G 05 -Polyiy$ine 


10 


ND 


D&alytlaciose-iCLH' 


4 


0.055 


Disialyllactose-cBSA* 


4 


0.16 


Disialyllactose-KLH* 


4 


0.25 


Disialyllactose <BS A* 


4 


0J4 


Disialyllactose-Polylysine 


5 


ND 



0(5) 
0(5) 

10,240 (2), 5,120 (2). 2.560 (3), 1.280 (2), 80 (2), 40 (2), 0 



£560, 80 (4), 20 (3). 0 (7) 
40, 0 (0) 
0(10) 
0(4) 
20, 0 (3) 
20, 0 (3) 
0(4) 
0(5) 



20 (3), 0(2) 
160. 40, 20 (3) 
X560, 1.280 (2), 640, 320 (3), 160 (2), 80 (3). 20, 0 

B0(2),4042),-20-P)rQ-<4) 

1,280, 320 (2). 160 (7), 80 (4), 40 
160 (2), 40 (4), 20 (3), 0 
320, 160 (4), 80, 40, 20 (2). 0 
160 (3), 80 
40. 20 (3) 
40 (2), 0 (2) 

0(4) 
80 (3), 40 (2) 



• Protein and ganglioside content were determined by BioRad protein assay and by neuraminic acid determination according to (he method of Svennerholm (25) 
G D 3 and KLH were mixed prior to immunuatton. v ' 

^G D3 was covalemly attached to proteins prior to immunization after ozonolysis as described in "Materials and Methods." 

^ Disiallylactose was conjugated to KLH and cBSA by reductive ami nation according to the method of Gray (26). 
Disiallylactose was conjugated to KLH. cBSA, and poly-L-lysine after iV-arroloylation and Michael addition according to the method of Roy and Lafferiere (27). 
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Fig. 2. Time course of Goa antibodies induced in representative mice immunized with 
Gqj'KLH and QS-21 vaccine. Each symbol represents an individual mouse. Arrows, rime 
of vaccination. 

strongest imraunogenicity, resulting in a median titer of 1:320 for IgM 
and 1:2560 for IgG antibodies. The specific isotype profile was de- 
termined with subclass-specific secondary rabbit anti-mouse antibod- 
ies. Antigen-specific antibodies were found to be predominantly of the 
IgGl subclass. Antigen-specific IgG2a and IgG2b antibodies were 
found only in traces, and no IgG3 or IgA antibodies were detected. 

In contrast to immunization with G D3 conjugates, immunization 
with G D3 -oligosaccharidc conjugates induced only a weak IgM re- 
sponse to G D3 and no IgG response. 

Sequential IgM and IgG antibody titers against G D3 for five mice 
immunized with G D3 -KLH and QS-21 are shown in Fig. 2. IgM titers 
peaked 2 weeks after the third vaccination and declined by the time of 
the first booster immunization at week 16. The first booster immuni- 
zation had no significant impact on IgM titers, but the second booster 
immunization at week 28 increased IgM titers to the peak level seen 



after the third vaccination of the initial series. IgG titers also rose up 
to 2 weeks after the third vaccination and decreased by the time of the 
first booster, vaccination but rapidly increased after the booster to 
previous peak titers. IgG titers remained at this level for 10 weeks, 
with a further increase after the second booster in most mice. The 
evidence for a secondary immune response after the booster immu- 
nization was therefore equivocal. The response was clearly more rapid 
than after the initial immunization and lasted longer, but the increase 
in titer was not comparable to booster responses seen with classical 
T-ceU-dependent antigens. 

Specificity of the Serological Response to Immunization with 
G D3 -Protein Conjugates. The specificity of the serological response 
to im mu ni zation with G D3 -protein conjugates and QS-21 was ana- 
lyzed by dot-blot immune staining and ITLG An example of dot-blot 
immune stain analyst) is shown in Fig. 3. Preimmune sera and im- 
mune sera showing high G D3 -antibody titers in EUSA were tested on 
nitrocellulose strips that bad been spotted with G D3 (bbm) or G D3 
(mel) and purified structurally related gangliosides: Gms. G Dit G Dlbt 
and G-n. As expected on the basis of the EUSA results, preimmune 
sera showed no reactivity. In contrast, sera obtained after immuniza- 
tion with KLH conjugates of G D3 -ganglioside reacted with G D3 (bbm) 
(the immunogen) or G D3 (mel), but not with the other gangliosides 
except G-n in some cases, a pattern also seen in tests of the mouse 
monoclonal IgG3 antibody R24, the reagent by which high cell sur- 
face expression of G D3 on human melanoma cells was first defined 
(20). The same specificity pattern was seen in dot-blot immune stain 
tests of sera from mice immunized with other G D3 -protein conjugates, 
the only exception being high-titer sera (by EUSA) from mice im- 
munized with G D3 -cBSA, which showed no reactivity with G D3 or the 
other gangliosides. 

ITLC permits specificity analysis of ganglioside antibodies in tests 
on tissue extracts. Examples of tests with high-titer sera from mice 
immunized with G D3 -KLH and QS-21 are shown in Fig. 4. The sera 
were tested at a dilution of 1:150 on ganglioside extracts of human 
brain, neuroblastoma, and melanoma, as well as G D 3 (bbm) that had 
been used for immunization. The figure shows HPTLC ganglioside 
patterns of these reagents after staining with resordnol, as compared 
with the patterns of reactivity exhibited after exposure to sera from 
immunized mice or mAb R24. As can be seen in the resorcinol-stained 
panel, the predominant gangliosides in the brain tissue extract are 
Gmi» Gdj« Goib. and G-n b , whereas the neuroblastoma extract shows 
G D 2 and &M2 in addition, and the melanoma extract contains mainly 



Control pre/post 
mMAb GD3-KLH 
R24 sera IgG 



Fig. 3. Dot-blot immune stain assay for IgM and 
IgG antibodies in sera of mice immunized with Gor 
KLH and G D j-OMP conjugates and QS-21. Antigen 
standards were applied to nitrocellulose strips in 
equal amounts (0J fig) and were allowed to react 
with pre/posummunixation serum from individual 
mice. 



GM3 
GD2 
GD1b 
GD3(bbm) 
GD3(mel) 

GT3 



pre/post 
GD3-KLH 
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Fig. 4. Immune thin-layer chromitognnu of three representative mouse sen after 
iccination with Goj-KLH conjugate asd OS- 21. IgG and IgM antibodies in pre- and 
stvactination sera and inti-Gw mMab R24 were tested on human brain gangliosides 
i), neuroblastoma gangliosides (B), melanoma gangliosides (C), and G D 3 (D) (bbm). 
angltosides were chemically stained with resorcinol-HCJ reagent to demonstrate the 
mglioside composition of each sample. 

r D3 and G^. Reactivity of IgG antibodies in postimmunization sera, 
; well the reactivity of IgG3 mouse monoclonal antibody R24, was 
:stricted to G D3 (Fig. 4b). The high-titer IgM antibodies, on the other 
and, showed weak cross-reactivity with other gangliosides and sul- 
fide in the brain extract (Fig. 4a). 

Sera from mice immunized with other G D3 conjugates were tested 
t the same way (at lower dilution) and showed the same specificity 
ith the exception, again, of high-titer sera from mice immunized 
itb Gdj-cBSA, which showed no ganglioside reactivity (data not 

lOWTi). 

Cell Surface Reactivity of Immune Sera Determined by FACS 
nalysis. Sera from mice were tested for binding to cells of the 
lelanoma cell line SK-MEL-28, a cell line known to express cell 
jrface G D3 . A representative example of a FACS analysis utilizing a 
uorescein isothiocyanate-labeled secondary goat anti- mouse anti- 
ody is shown in Fig. 5. Sera before and after immunization with 
i D3 -KLH and QS-21 were tested. Preimmunization serum stained 8% 
f the target cells, postimmunization serum 92%. 

HSCUSSION 

Conjugation of poorly immunogenic antigens to highly iramuno- 
enic carrier molecules is a well-known approach to augmenting 
nmunogenicity. Ganglioside molecules are so small, however, that 



linkage to carrier molecules without affecting the relevant antigenic 
epitopes is difficult. We have shown previously that modifications of 
Go3 in its carbohydrate portion (i.c, conversion of sialic acid car- 
boxy] groups to amides or gangliosidols or lactones) results in mark- 
edly increased immunogenicity. However, antibodies produced in re- 
sponse to these G D3 derivatives show no cross-reactivity with native 
G D 3 (11 , 30). Covalent attachment of proteins to the sialic acid mol- 
ecules of G D3 was therefore not attempted in the present study. Our 
initial approach involved conjugation of G D3 oligosaccharide (disi- 
alyilactose) via the terminal glucose in open- or closed-ring configu- 
ration to KLH or polylysinc , but these conjugates were not recognized 
by the anti-G D3 mAb R24 or by mouse autism to G D3t and mice 
immunized with the conjugates did not produce G D3 antibodies. Sub- 
sequently, we coupled G D3 :o proteins via its ceramide portion without 
alteration of the carbohydrUe moiety. The ceramide was cleaved with 
ozone at the double bond of the sphingosin base, and coupling to 
proteins was accomplished by reductive amination. Cleavage of gan- 
gliosides by ozonolysis and subsequent conjugation with proteins by 
this method has not been described, and it has been generally assumed 
that the aldehyde intermediates of gangliosides would be unstable. 
Fragmentation, initiated by hydroxy ions under alkaline conditions, 
has been reported. Migration of the double bond would result in 
Elimination, causing release of the oligosaccharide moiety (22, 31). 
We found, however, that the aldehyde was sufficiently stable at neutral 
pH to permit Scbiff base formation with amino groups of proteins, so 
that Elimination was not a major problem. The overall yield was 
30%. These G D3 aldehyde-protein conjugates showed reactivity with 
G D3 antibodies by Western blot analysis, indicating that the immuno- 
dominant epitopes were intact in these G D3 conjugates. However, 
reactivity of the G D3 -aldehyde derivative with mAb R24 by ITLC 
could not be shown. This may be due to its relatively unstable nature, 
resulting in ^-elimination and release of oligosaccharide during the 
immune stain incubation period, or simply to the fact that the G D3 - 
aldehyde derivative may net adhere to the thin-layer plate sufficiently 
for serological detection. 

Earner studies describe oxidative ozonolysis of the glycosphingo- 
lipid olefinic bond, resulting in a carboxyl group that could be con- 
jugated with carbodiimide to NH 2 groups of modified glass beads, 
agarose gel, or other macromolecules (32, 33). This method, however, 
is of limited use for the conjugation of gangliosides to carrier proteins 
because it requires acetylatcd, methyl ester derivatives of gangliosides 
to avoid coupling via the sialic acid carboxyl group. Deacetylation 
after conjugation under basic conditions is necessary, conditions most 
proteins cannot be exposed to without degradation. 

Once the conjugation method was established, several protein car- 
riers were considered, based on previous work by others. Lowell et at 
(34) described an elegant system that resulted in high-titer antibody 
responses as a consequence of anchoring bacterial carbohydrate and 
peptide antigens via a synthetic, hydrophobic foot in OMPs of Neis- 
seria meningitidis (35). This system was directly applicable to gan- 
gliosides because of their atnphipathic nature. In previous studies, we 
adsorbed gangliosides onto OMP by hydrophobic interaction, and we 
were able to induce high-titer IgM responses (36). Covalent attach- 
ment was utilized in the current study, but G D3 -OMP conjugates 
induced only occasional IgG responses, and the IgM response was not 
increased. Conjugation with cationized BSA, which has been reported 
to be a potent carrier for protein antigens (37), resulted in high-titer 
IgG antibodies detected by ELISA, but immune stains indicated that 
the response was not G D3 -specific. Another appealing carrier is the 
MAP system described by P. Tarn (38, 39). MAPs consist of four or 
eight dendritic peptide arms, containing B- and T-cell epitopes, at- 
tached to an oligomeric branched lysine core. The antibody response 
to peptides was dramatically increased when these constructs were 
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used. When we attached G D3 to the amino terminal end of the MAP 
structure containing a malarial T-cetl epitope, only a moderate IgM 
response against G D3 was detected, and there was no detectable IgG 
response. Conjugation of G D s to polylysine resulted in a medium-titer 
IgM response and no IgG response, despite the high density of G Di 
epitopes on these constructs. 

The carrier that proved to be most effective in enhancing the anti- 
body response to G D3 in this series was KLH. Immunization with 
G D3 -KLH consistently induced long-lasting production of IgM and 
IgG antibodies against G D3 at high titers. In comparing KLH with 
cBSA, OMP, MAP, and polylysine, it is difficult to know exactly why 
KLH is a superior carrier for G D3 . The sheer size and antigenic 
complexity of KLH stand out as a possible aid to antigen processing 
and recruitment of T-cell help across a broad range of T-cell speci- 
ficities. The very qualities that make KLH cumbersome to work with 
are probably responsible for its unique effectiveness as a carrier in 
conjugate vaccines. KLH has not been widely used as a carrier for 
conjugate vaccines in humans because its size and heterogeneity make 
vaccine construction and standardization difficult. 

Our hope was that conjugate vaccines would convert the T-cell - 
independent response against unconjugated G D3 seen in our previous 
studies to a T-cell-dependent response producing high-titer, long- 
lived, IgG antibodies. This expectation was fulfilled to some extent 
but not completely. The peak of the IgM response occurred after the 
third biweekly vaccination as in our previous studies with unconju- 
gated G D3 , but the antibody titers were significantly higher. The 
response declined rapidly (as observed before), and additional vacci- 
nations increased IgM titers to previous peak levels. The repeated 
increase in the titer of IgM antibodies to G D3 after booster immuni- 
zations differs from the expected response to T-cell-dependent anti- 
gens such as proteins, which generally induce little or no IgM re- 
sponse after booster immunizations. For the first time, however, we 
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were able to induce: a higb-titer IgG response against G D3 ganglioside 
consistently. This response lasted significantly longer than the IgM 
response and was increased by additional vaccinations, although the 
response following booster vaccinations was not comparable to the 
exponential increase often seen with protein antigens. The fact that the 
G D3 antibodies were of the IgGl subclass indicates that a T-cell- 
dependent pathway was activated by the G D3 -KLH conjugate vaccine. 
The lack of a classical booster effect, however, may reflect the car- 
bohydrate nature of G D3 and its status as an auto-antigen. This sug- 
gests that T-cell recruitment by ganglioside conjugate vaccines is 
limited by the nature of the antigen itself Nevertheless, the high-titer 
IgM response and long-lived IgG response to vaccination with G D3 - 
KLH and QS-21 seen in these experiments represents a striking im- 
provement over the response to unconjugated ganglioside vaccines 
and can now form the basis for clinical trials of ganglioside-KLH 
conjugate vaccines in patients with cancers that show increased gan- 
glioside expression. 
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ABSTRACT 

Cell surface gangliosides show altered patterns of expression as a coo* 
equence of malignant transformation and have therefore been of interest 
is potential targets for immunotherapy, including vaccine construction. 
)ne obstacle has been that some of the gangliosides that are overexpressed 
a human cancers are poorly immunogenic in humans. A case In point is 
to, a prominent ganglioside of human malignant melanoma. Using an 
ipproach that has been effective in the construction of bacterial carbo- 
tydrate vaccines, we have succeeded in increasing the immunogenicity of 
to in the mouse by conjugating the ganglioside with immunogenic ear- 
ners. Several conjugation methods were used. The optimal procedure 
evolved ozone cleavage of the double bond of (to in the ceramide back- 
xme, introducing an aldehyde group, and coupling to aminolysyl groups 
if proteins by reductive aminaaoa. Conjugates were constructed with a 
70 the tic multiple antigenic peptide expressing repeats of a malarial T-cell 
rpitope, outer membrane proteins of Neisseria meningitidis, canonized 
ravine serum albumin, keyhole limpet hemocyanin, and polylysine. Mice 
(unionized with these conjugates showed a stronger antibody response to 
to than mice immunized with unconjugated <ro. The strongest response 
*as observed in mice immunized with the keyhole limpet hemocyanin 
.conjugate of the G w aldehyde derivative and the adjuvant QS-21. These 
nice showed not only a long-lasting high-titer IgM response but also a 
insistent high-titer IgG response (predominantly IgGl), indicating re- 
Tuitment of T-celt help, although the titers of IgM and IgG antibodies 
following booster immunizations were not as high as they are in the 
response to classical T-cell-dependent antigens. This method is applicable 
U> other gangliosides, and it may be useful in the construction of immu- 
nogenic ganglioside vaccines for the immunotherapy of human cancers 
expressing gangliosides on their cell surface. 

INTRODUCTION 

Gangliosides arc glycolipid constituents of the cell membrane. The 
term was coined in 1942 to refer to lipids of the central nervous 
system that contained sialic acid, to signify their prime location in 
ganglion cells and their glycosidic nature (1). Their lipophilic com- 
ponent, the ceramide (an amide-linked long-chain sphingoid base and 
a fatty acid), is thought to be embedded in the outer membrane of the 
cell membrane lipid bilayer. The carbohydrate portion of the molecule 
is oriented toward the outside of the cell. Malignant transformation 
appears to activate enzymes involved in ganglioside glycosyiation, 
resulting in altered patterns of ganglioside expression in tumors such 
as astrocytoma, neuroblastoma, and malignant melanoma (2). In nor- 
mal melanocytes, for example, the predominant ganglioside is Gkq. 3 
Other gangliosides including G 03 , G^, G D u, and G-nb constitute 
less than 10% of the total (3). In malignant melanoma, increased 
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expression of G D3 , G D2 , and Q M2 has been observed (4, 5), and these 
gangliosides have therefore been considered potential targets for im- 
munotherapy. 

One approach to ganglioside-targeted immunotherapy has been the 
use of mAbs. 4 Treatment of patients with melanoma or neuroblastoma 
with mAb recognizing G I53 , G D2 , or Gmz has resulted in tumor re- 
gression in some cases (6--9). The other approach has been to immu- 
nize patients with ganglioside vaccines in attempts to induce produc- 
tion of ganglioside antibodies by the patients themselves. These 
attempts have been successful so far only with G M2 vaccines. Patients 
with American Joint Committee on Cancer Stage HI malignant mela- 
noma, after complete resection of all tumor, have been shown to 
produce anti-G^ antibodies in response to vaccination with G M 2 and 
Bacillus Calmette-Gue'rin (after pretreatment with low-dose cyclo- 
phosphamide to reduce suppressor activity), and the disease-free in- 
terval and overall survival were longer in patients producing Gm2 
antibodies (10). G D3 and G D2) on the other hand, were found to be 
only rarely immunogenic when administered in the same way to 
patients with melanoma (11). Even with the G M 2 vaccines, the anti- 
body response showed the characteristics of a T-cell-independent re- 
sponse, that is to say, IgM production of short duration, tare conver- 
sion to IgG production, and lack of a booster effect (12, 13). 

Similar difficulties havs been encountered in the development of 
effective vaccines against bacterial carbohydrate antigens. One ap- 
proach that has been successful in overcoming these problems is 
conjugation of the antigen with immunogenic protein carriers. For 
example, a conjugate vaccine that links the Haemophilus influenzae 
type b capsular polysaccharide to the outer-membrane protein com- 
plex of Neisseria meningitidis serogroup B was recently shown to 
induce the production of antibodies and a high rate of protection 
against invasive disease caused by Haemophilus influenzae type b in 
infants (14), and similar results were reported for a conjugate vaccine 
using a nontoxic mutant diphtheria toxin as carrier (15). 

We have explored this approach in attempts to increase the immu- 
nogenicity of melanoma gangliosides. We report here the effects of 
conjugating G D 3 with several protein carriers on its immunogenicity 
in the mouse. 

MATERIALS AND METHODS 

Gangliosides. Gmj, G m and G 0 u» extracted from bovine brain, were 
provided by Fidia Research Laboratory (Abano Terme, Italy). G D1 was made 
from G D ib by enzymatic cleavage with 0-galactosidase from bovine testes 
(16). G D 3 (md) was isolatec from human melanoma tissue (17), G D 3 (bbm) 
and GT3 were isolated from bovine buttermilk (18), and disialyllactose (G D j 
oligosaccharide) was isolated from bovine colostrum as previously described 
(19). 

Reagents. HPTLC silica gel plates were obtained from E. Merck (Darm- 
stadt, Germany); 4-chloro-l-naphthol, ^-nitrophenyl phosphate disodium, and 
sodium cyanoborohydride were from Sigma Chemical Co. (St. Louis, MO); 



* The abbreviations used are: mAb. monoclonal antibody; MAP, multiple antigenic 
peptide; OMP, outer membrane protein; cBSA. canonized bovine serum albumin; ITLC, 
immune thin-layer chromatography; HPTLC. high-performance thin-layer chromatogra- 
phy; ELISA. enzyme-tinJted immunosorbent assays; FACS, fluorescence-activated cell 
soner. PBS, phosphate-buffered saline; bbm, bovine buttermilk. 
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methylsulfide was from AJdricb (Milwaukee, WI); cyclophosphamide (Cy- 
toxan) was from Mead Johnson (Syracuse, NY); and QS-21 adjuvant, a ho- 
mogeneous saponin component purified from Quillaja saponaria Molina tree 
(20), was kindly donated by Cambridge Biotech Corp. (Worcester, MA). It is 
an amphipathic molecule and was provided as a white powder, forming a clear 
colorless solution when dissolved in PBS. 

Proteins. Poly-L-lysine hydrobromide [MW(vis)J800] was purchased from 
Sigma, keyhole limpet hemocyanin (KLH) was from Calbiochem (La Jolla, 
CA), the cBSA-Imject Supercarrier immune modulator was from Pierce 
(Rockfort, IL), and Neisseria meningitidis OMPs were kindly provided by Dr. 
M. S. Blake (Rockefeller University, New York). MAP YAL-IV 294-1 con- 
taining four repeals of a malarial T-cell epitope was a gift from Dr. J. P. Tam 
(Rockefeller University). 

Monoclonal Antibodies. Rabbit anti-mouse immunoglobulins conjugated 
to horseradish peroxidase for ITLC, and rabbit anti-mause IgM and IgG 
conjugated to alkaline phosphatase for EUSAs, were obtained from Zymed 
(San Francisco, CA); anti-G 03 mAb R24 was generated in our laboratory (21). 

Serological Assays, ELISA were performed as previously described (13). 
To control for nonspecific "stickiness," immune sera were also tested on plates 
to which no ganglioside had been added, and the reading was subtracted from 
the value obtained in the presence of ganglioside. The titer was defined as the 
highest dilution yielding a corrected absorbance of 0.1 or greater. Immuno- 
staining of gangliosides with mAb or mouse sera was performed after sepa- 
ration on HPTLC silica gel glass plates as previously described (4). Plates were 
developed in solvent 1 [chloroformimethanol.-water (0.25% CaQ 2 ), 50:40:10 
(v/v)] or solvent 2 [ethanol:n-butylalcobol:pyridinewatenacetic acid, 100:10: 
10:30:3 (yfv)], and gangliosides were visualized with resorrinoI-HCl reagent 
Dot-blot immune stains were performed on nitrocellulose strips utilizing pu- 
rified gangliosides spotted in equal amounts and developed as described before 
(13). 

Immunization. Six-week-old female BALB/c x C57BL/6 Fi mice (The 
Jackson Laboratory, Bar Harbor, ME) were given an i.p. injection of cyclo- 
phosphamide (15 mg/kg) 3 days before the first immunization and were then 
assigned to treatment groups. Groups of 4 or 5 mice were given three s.c. 
injections of a vaccine 2 weeks apart if not otherwise indicated. Each vaccine 
contained 20 fig G DJ or 15 jig disialyllactose and 10 jig QS-21 in a total 
volume of 0.1 ml PBS. Mice were bled from the retroorbital sinus before 
vaccination and 2 weeks after the last vaccine injection unless indicated oth- 
erwise. 

Gnj Conjugate Preparation. G D3 (2 mg) was dissolved in 2 ml methanol 
by sonication and cooled to -78°C in an ethanol/dry ice bath. Ozone was 
generated in an ozone generator (Del Industries, San Luis Obispo, CA) and was 
passed through the sample for 30 min under vigorous stirring (22, 23). The 
excess of ozone was then displaced with nitrogen over a period of 10 min. 
Methylsulfide (100 til) was added (24), and the sample was kept at -78°C for 
30 min and then at room temperature for 90 min under vigorous stirring. The 
sample was dried under a stream of nitrogen and monitored by HPTLC. The 
long-chain aldehyde was separated by adding n-hexane (2 ml) to the dry 
sample, followed by sonication for 5 min and centrifugation at 2000 X g for 
15 min. The n-hexane was carefully drawn off and discarded, and the sample 
was dried under a stream of nitrogen. Cleaved G D3 and native G 03 were 
separated by HPLC (Waters, System 501, Milford, MA) utilizing a d B re- 
versed-phase column (10 x 250 mm; Rainin Instruments, Ridgefield, NJ). 
Gangliosides were eluted with a linear water-acetonitriie gradient and moni- 
tored at 214 nm, and the fractions were analyzed by HPTLC. Fractions that 
contained cleaved G D3 were combined and evaporated at 37°C with a Rota- 
vapor (Buchi, Flawils, Switzerland). Cleaved G D3 (1.5 mg), 1.5 mg protein 
carrier in PBS, and 2 mg sodium cyanoborohydride were incubated under 
gentle agitation a( 37 C C for 48 h. After 16 h 1 mg sodium cyanoborohydride 
was added. The progress of coupling was monitored by HPTLC. G D3 -protein 
conjugates did not migrate in solvent 1 and solvent 2 but remained at the origin 
as a resorcinol-positive band. The mixture was dialyzed across 5000 molecular 
weight cutoff dialysis tubing with three changes of PBS (4 liters each), at 4°C 
for 48 h, and passed through an ExtractigeJ detergent-removing gel (Pierce, 
Rockfort, IL) for final purification of unconjugated G D3 . The samples were 
lyophilized, and their protein and ganglioside content was determined by 
BioRad protein assay and by neuraminic acid determination according to the 
method of Svennerholm (25). 



Disialyllactose Conjugate Preparation. Disialyllactose was isolated from 
bovine colostrum as described previously (19). The carbohydrate was attached 
to protein by reductivt animation (26). Disialyllactose (10 mg) was incubated 
with 2 mg proteins in 2 ml PBS for 14 days at 37°C after sterile filtration. 
Sodium cyanoborohydride (2 mg) was added at the beginning, and 1 mg was 
added every 3 days. The coupling was monitored by HPTLC in solvent 2. The 
disialyllactose conjugates were purified by dialysis across 5000 molecular 
weight cutoff dialysis membrane with three changes of PBS (4 liters each) at 
4°C for 48 h, followsd by lyophilization. The protein and neuraminic acid 
content was determined as described above. Disialyllactose was also conju- 
gated to proteins according to the method described by Roy and Laferriere 
(27). During this procedure jV-acroloylated glycopyraiwsylamine derivatives of 
the oligosaccharide were formed first, followed by conjugation via Michael 
addition to amino groups of the protein. Purification and determination of 
protein and neuraminic acid content were performed as described above. 

Determination of Antibody Subclasses. Determination of antibody sub- 
classes was performed by ELISA using nibdass-specific rabbit anti-mouse 
immunoglobulins lgGl, lgG2a, IgG2b, IgG3, and IgA (Zymed, San Francisco, 
CA). Alkaline phosphatase-labeled goat anti-rabbit IgG served as the signal- 
generating reagent 

FACS Analysis of Mouse Antisera. A single cell suspension of the mela- 
noma cell line SK-MEL28 was obtained after treatment with 0.1% EDTA in 
PBS followed by passage through a 26**-gauge needle. Cells (3 X 10 s ) were 
incubated with 40 ^1 of 1:20 diluted post- or preimmunizatioD serum for 30 
min on ice. The cells were washed three times with 3% fetal calf serum in PBS, 
Thirty mJ of diluted (1:50) fluorescein isothiocyanate-labeled goat anti-mouse 
IgG (Southern Biotechnology Associates Inc., Birmingham, AL) were added as 
secondary antibody, followed by incubation on ice for 30 min. Cells were 
washed three times as above and resuspended in 500 ji! 3% fetal calf serum in 
PBS and analyzed by flow cytometry (FACScan, Becton Dickinson, San Jose, 
CA). 
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Preparation and Characterization of G D3 -Protein Conjugates. 
G D3 (bbm) in methanol was selectively cleaved with ozone at the 
C4-C5 double bond in the ceramide portion. It is assumed that mc- 
thoxyperoxides are formed as intermediate products (24), and there- 
fore methylsulfide was added as a reducing agent. The result of the 
cleavage was a G D: , derivative with an aldehyde functional group in 
the position of the former double bond in the ceramide portion (Fig. 
1). Cleaved G D3 migrated slower than native G D3 , and formed double 
bands because the ceramide contained unsaturated fatty acids that 
were cleaved simultaneously (see Fig. 1, inset). Densitometric analy- 
sis of HPTLC plates showed that more than 70% of G D3 (bbm) was 
cleaved by this procedure. Preliminary experiments involving longer 
ozone treatment had similar results, indicating that 30% of G D3 from 
this source consists of sphinganine or phytosphingosine analogues that 
contain no ozone-clravable ceramide double bond. Cleavage at -78°C 
with ozone treatment up to 1 h (depending on the amount of G D 3 used) 
was found to be optimal. Cleaved G D3 persisted only in acidic and 
neutral phosphate buffers for up to 72 h, but with the formation of 
increasing amounts of oligosaccharide due to ^-elimination reactions 
[which have been shown to occur much faster at alkaline pH (23)]. ' 
The decreased hydrophobicity of cleaved G D 3 compared to native G D3 
allowed its separation by HPLC on C 18 reversed -phase columns. 
Utilizing isocratic elution with a linear water-acetonitriie gradient, 
cleaved G D3 was recovered first, and uncieaved G D3 was eluted in 
later fractions. The ucubation of cleaved G D3 with proteins resulted in 
the formation of Schiff bases between the cleaved ganglioside and 
e-aminolysyl groups.. They were reduced with sodium cyanoborohy- 
dride to form stable secondary amine bonds (28). The reaction was 
monitored by HPTLC, which showed a decreasing ratio of the cleaved 
G D3 to a resorcinol positive band at the origin, indicating the forma- 
tion of neoglycoconjugates. The reaction was generally completed 
after incubation for 48 h at 37°C. Disialyllactose was readily remov- 
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Fig. 1. Synthesis of G 0J protein conjugates after ozone cleavage and reductive animation. Inset, HPTLC of C [l3 before (A) and after (B) 



tble by dialysis, and the excess of cleaved G D3 was removed by 
passage through a detergent-removing column. The degree of cou- 
rting was determined by sialic acid and protein determinations. The 
veight ratio of G 0 j to proteins in the different conjugates, shown in 
Table 1, depended on the accessibility of lysine groups in the proteins. 
The average yield of G D3 coupled to proteins was 30%. G D3 conju- 
gates prepared in this way were reactive with anti-G D3 mAb R24 by 
Western blot analysis, although the G D3 -aldehyde derivative itself was 
lot reactive by ITLC (data not shown). 

Oligosaccharide Conjugation. The carbohydrate part of G D3t di- 
lialyllactose, was coupled to proteins utilizing two methods. The first 
nethod, reductive animation, resulted in conjugation of the open ring 
brm of the glucose to proteins (26). Tne method required a long 
ncubation of the oligosaccharide with proteins, and the yield was less 
han 20%. In the second method (27), involving W-acroloylation of the 
erminal glucose, the oligosaccharide was coupled to proteins with a 



closed ring formation. None of these oligosaccharide conjugates 
showed reactivity with mAb R24 by Western blot analysis (data not 
shown). 

Induction of a Serological Response against G D3 by Immuniza- 
tion with Goj-Protein Conjugates. All vaccines were well tolerated. 
Mice were observed for at least 6 months, and neither acute nor 
systemic toxicity was detected. The serological response to immuni- 
zation with G D3 or G D3 -protem conjugates, using QS-21 as adjuvant, 
is shown in Table 1. QS-21 was used because we had previously 
demonstrated its superiority over other adjuvants with another carbo- 
hydrate antigen-KLH conjugate vaccine (29). In EUSA, preimmuni- 
zation sera showed no IgM or IgG antibodies reactive with G D3 . 
Immunization with unconjugated G D3 did not induce the production of 
G D3 antibodies. Immunization with G D3 conjugates, on the other 
hand, was effective in inducing antibody production. Of the five 
proteins used in the preparation of the conjugates, KLH showed the 



Table 1 Antibody response to immunization with different vaccines containing C D} or disialylhaose conjugated to carrier proteins 



Gds protein Reciprocal EUSA peak lilir against G D3 

Vaccine + QS-21 No. of mice weight ratio' " [gG " ~ 



IgM 



0(5) 20(3*0(2) 
0 (5) 160, 40, 20 (3) 



Gw/KLH* w ^ w ^ 

S W '^Tc }? l0 #° P). 5.120 (2), y« &' 1.280 (2). 80 (2), 40 (2), 0 IL560, 1.280 (2\ 64^320*^ 160 (2), 80 (3) 20 0 

■Sf ■ - -a— ^^imjas^" ^sssis^- 

2K=sf : ss as 

Dtsialyllactose<BSA* 4 QJ4 q (4 n m 

Disialyllactosc«Polylysine 5 ND ' q (5) 



80 (3), 40 (2) 



- Protein and gangiioside content were deietmined by BioRad protein assay and by neuraminic acid determination according to the method of Svennerholm (15) 
G D j md KLH were muted prior to immunization. 1 

<Gpj was covaJcntly attached to proteins prior to immunization after ozonolysis as described in -Materials and Methods." 
Disiallylactose was conjugated to KLH and cBSA by reductive animation according to the method of Gray (26) 

' Disiallylactose was conjugated to KLH. cBSA, and poly-Uysine after iV-acroloylation and Michael addition according to the method of Roy and Lafferiere (27). 
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pig 4 tmmtini. thin-liyer chromatograms of three representative mouse sen after 
tccioiooa with Odj-KLH conjugate ud QS-21. IgG and IgM antibodies in pre- and 
a tvicri nation sera and and-G M mMab R24 were tested on human brain gangliosides 
i), neuroblastoma gangliosides (8), melanoma ganglioside* (C), and G D3 (£>) (bbm). 
tngJiosides were chemically stained with resorcinol-HCl reagent to demonstrate the 
mgiioside compositioa of each sample. 

i D3 and Gm3. Reactivity of IgG antibodies in postimmunization sera, 
i well the reactivity of IgG3 mouse monoclonal antibody R24, was 
stricted to G 0 3 (Fig. 46). The high-titer IgM antibodies, on the other 
and, showed weak cross-reactivity with other gangliosides and sul- 
itide in the brain extract (Fig. 4a). 

Sera from mice immunized with other G D 3 conjugates were tested 
i the same way (at tower dilution) and showed the same specificity 
ith the exception, again, of high-titer sera from mice immunized 
iih G D3 -cBSA, which showed no ganglioside reactivity (data not 
iown). 

Cell Surface Reactivity of Immune Sera Determined by FACS 
nalysis. Sera from mice were tested for binding to cells of the 
lelanoma cell line SK-MEL-28, a cell line known to express cell 
jrface G D j. A representative example of a FACS analysis utilizing a 
uorescein isothiocyanate-labeled secondary goat anti-mouse anti- 
ody is shown in Fig. 5. Sera before and after immunization with 
i D3 -KLH and QS-21 were tested. Preimmunization serum stained 8% 
f the target cells, postimmunization serum 92%. 

iISCUSSION 

Conjugation of poorly immunogenic antigens to highly iramuno- 
cnic carrier molecules is a well-known approach to augmenting 
nmunogenicity. Ganglioside molecules are so small, however, that 



linkage to carrier molecules without affecting the relevant antigenic 
epitopes is difficult. We have shown previously that modifications of 
Go3 in its carbohydrate portion (lc, conversion of sialic acid car- 
boxyl groups to amides or gangliosidols or lactones) results in mark- 
edly increased immunogenicity. However, antibodies produced in re- 
sponse to these G D3 derivatives show no cross-reactivity with native 
G D 3 (11. 30). Covalent attachment of proteins to the sialic acid mol- 
ecules of G D3 was therefore not attempted in the present study. Our 
initial approach involved conjugation of G DJ oligosaccharide (disi- 
alyllactose) via the terminal glucose in open- or closed-ring configu- 
ration to KLH or poly lysine , but these conjugates were not recognized 
by the anti-G D 3 mAb R24 or by mouse antisera to G D3 , and mice 
immunized with the conjugates did not produce G D3 antibodies. Sub- 
sequently, we coupled G D3 :o proteins via its ceramide portion without 
alteration of the carbohydrate moiety. The ceramide was cleaved with 
ozone at the double bond of the sphingosin base, and coupling to 
proteins was accomplished by reductive animation. Cleavage of gan- 
gliosides by ozonolysis and subsequent conjugation with proteins by 
mis method has not been described, and it has been generally assumed 
that the aldehyde intermediates of gangliosides would be unstable. 
Fragmentation, initiated by hydroxy ions under alkaline conditions, 
has been reported. Migration of the double bond would result in 
^-elimination, causing release of the oligosaccharide moiety (22, 31). 
We found, however, that the aldehyde was sufficiently stable at neutral 
pH to permit Scbiff base formation with amino groups of proteins, so 
that Elimination was not a major problem. Hie overall yield was 
30%. These G D3 aldehyde-protein conjugates showed reactivity with 
G D 3 antibodies by Western blot analysis, indicating that the immuno- 
dominant epitopes were intact in these G D 3 conjugates. However, 
reactivity of the G D3 -aIdeliyde derivative with mAb R24 by ITLC 
could not be shown. This may be due to its relatively unstable nature, 
resulting in ^-elimination and release of oligosaccharide during the 
immune stain incubation period, or simply to the fact that the G D3 - 
aldehyde derivative may net adhere to the thin-layer plate sufficiently 
for serological detection. 

Earlier studies describe oxidative ozonolysis of the glycosphingo- 
lipid olefinic bond, resulting in a carboxyl group that could be con- 
jugated with carbodiimide to NH 2 groups of modified glass beads, 
agarose gel, or other macromolecules (32, 33). This method, however, 
is of limited use for the conjugation of gangliosides to carrier proteins 
because it requires acetylatcd, methyl ester derivatives of gangliosides 
to avoid coupling via the sialic acid carboxyl group. Deacctylation 
after conjugation under basic conditions is necessary, conditions most 
proteins cannot be exposed to without degradation. 

Once the conjugation method was established, several protein car- 
riers were considered, based on previous work by others. Lowell et al 
(34) described an elegant system that resulted in high-titer antibody 
responses as a consequeno; of anchoring bacterial carbohydrate and 
peptide antigens via a synthetic, hydrophobic foot in OMPs of Nets- 
seria meningitidis (35). This system was directly applicable to gan- 
gliosides because of their amphipathic nature. In previous studies, we 
adsorbed gangliosides onto OMP by hydrophobic interaction, and we 
were able to induce high-titer IgM responses (36). Covalent attach- 
ment was utilized in the current study, but G D 3-OMP conjugates 
induced only occasional IgG responses, and the IgM response was not 
increased. Conjugation with cationized BSA, which has been reported 
to be a potent carrier for protein antigens (37), resulted in high-titer 
IgG antibodies detected by ELISA, but immune stains indicated that 
the response was not G D3 *specific. Another appealing carrier is the 
MAP system described by .". P. Tam (38, 39). MAPs consist of four or 
eight dendritic peptide amis, containing B- and T-cell epitopes, at- 
tached to an oligomeric branched lysine core. The antibody response 
to peptides was dramatically increased when these constructs were 
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Fig. 5. Representative FACS analysis of mouse serum reactivity prior to (peak ai 3) and after (peak it 50) immurization with G D3 -KLH and QS-21 tested on melanoma cell Line 
SK-MEL-2S. 

used. When we attached G D3 to the amino terminal end of the MAP 
structure containing a malaria] T-cell epitope, only a moderate IgM 
response against G D3 was detected, and there was no detectable IgG 
response. Conjugation of G D3 to polylysine resulted in a medium-titer 
IgM response and no IgG response, despite the high density of G D3 
epitopes on these constructs. 

The carrier that proved to be most effective in enhancing the anti- 
body response to G D3 in this series was KLH. Immunization with 
G D3 -KLH consistently induced long-lasting production of IgM and 
IgG antibodies against G D3 at high titers. In comparing KLH with 
cBSA, OMP, MAP, and polylysine, it is difficult to know exactly why 
KLH is a superior carrier for G D3 . The sheer size and antigenic 
complexity of KLH stand out as a possible aid to antigen processing 
and recruitment of T-cell help across a broad range of T-ccll speci- 
ficities. The very qualities that make KLH cumbersome to work with 
are probably responsible for its unique effectiveness as a carrier in 
conjugate vaccines. KLH has not been widely used as a carrier for 
conjugate vaccines in humans because its size and heterogeneity make 
vaccine construction and standardization difficult. 

Our hope was that conjugate vaccines would convert the T-cell - 
independent response against unconjugated G D3 seen in our previous 
studies to a T-cell -dependent response producing high-titer, long- 
lived, IgG antibodies. This expectation was fulfilled to some extent 
but not completely. The peak of the IgM response occurred after the 
third biweekly vaccination as in our previous studies with unconju- 
gated G D3l but the antibody titers were significantly higher. The 
response declined rapidly (as observed before), and additional vacci- 
nations increased IgM titers to previous peak levels. The repeated 
increase in the titer of IgM antibodies to G D3 after booster immuni- 
zations differs from the expected response to T-cell -dependent anti- 
gens such as proteins, which generally induce little or no IgM re- 
sponse after booster immunizations. For the first time, however, we 
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were able to induce: a higb-titer IgG response against G D3 ganglioside 
consistently. This response lasted significantly longer than the IgM 
response and was increased by additional vaccinations, although the 
response following booster vaccinations was not comparable to the 
exponential increase often seen with protein antigens. The fact that the 
G D3 antibodies were of the IgGl subclass indicates that a T-cell- 
dependent pathway was activated by the G D3 -KLH conjugate vaccine. 
The lack of a classical booster effect, however, may reflect the car- 
bohydrate nature of G D3 and its status as an auto-antigen. This sug- 
gests that T-cell recruitment by ganglioside conjugate vaccines is 
limited by the nature of the antigen itself. Nevertheless, the high-titer 
IgM response and long-lived IgG response to vaccination with G D3 - 
KLH and QS-21 seen in these experiments represents a striking im- 
provement over ths response to unconjugated gangboside vaccines 
and can now form the basis for clinical trials of ganglioside-KLH 
conjugate vaccines in patients with cancers that show increased gan- 
glioside expression. 
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